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Section 1 

INTRODUCTION 

Z 

The work deseriljed In this report is the linal year's effort of a three-year program 

to study wide bandwidth l&eer commanloatiooi ;u I. od-Min wavelengths.   Earlier efforts 

Of this program (during the first two years) were directed to studying the means to 

produce a bigh-efficiency, ■Ingle-frequency neodynium doped yttrium aluminum jun* 

(Nd.YAG) laaer operating at 1.08-Mm, and to produce blgh-efffclenoy octave-bandwidth 

microwave light modulatora lor this wavelengtfa (Refs.   I and 2),    In addition, a study 

was also made of laser communication configuration! that were suitable for very high 

data rates.    1 he overall utyecUve ol thlfl year's program,  then,  is to apply the results 

of these earlier studies to asaemble a laborator) communication system that uses ihe 

entire modulation Imnduidti, available.    In particular,  the linal result of this program 

is to be a laboratory demonstration 0f a laser-co.mnunieation system having a band- 
width ot 2 GHz. 

(2) 

The detailed objective! of this study program are as follows: 

(1)        Design a laboratory communication system, using f.ufi-Mm radiation Irom 

a Nd:YAG laser sod having a system bandwidth of 2 to 4 QHi 

Assess -h- state of tlu-art of h.gli-trequeney photodetectors, with emphasis 

on a croü-field photomultlpller tube (PUT), that offer good frequency 
li<i ■ ' >' ^ ''    ' (d ar<   aultsble as the receiver elements of this 
communication demonstration 

Define and design the necessarj microwave,   ligital-modulation and 

frequeney-modulatlofl subsystems for the communication system 

Assembly ard operate the various subsystems 

Demonstrate and evaluate the system performance in a laboratory 
environment 

(3) 

(») 

(5) 
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During this quarter, objectives (1), (2) and (3) have basically been accomplished. 

All required components lor this laboratory demonstr ition are now on order. In 

addition, further improvement of the optical modulation has been made. 
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Section 2 

SYSTEM DESIGN 

2. 1   MODULATION FORMATS AND BANDWIDTH CONSIDERATIONS 

To transmit .iata at the high rates desired,  microwav, subcarrier modulation formmtfl 

arc chosen.    That is, the information to he transmitted is first modulated onto a 

microwave larrier frequency (the subcarrier), which,  in turn,  is modulated onto the 

optical beam (the optical carrier).    For a given modulation format, the data rate to 

be transmitted determines the r« quired system bandwidth.    Therefore, for this 

demonstration,  the data rate has to he chosen so that the entire available microwave 

bandwidth of the optical modulator is used. 

During the first quarter, efforts have been concentrated on the use of quadriphase- 

shift-keying (OPSK; modulation of digital signals.   Two microwave subcarriers are 

chosen, one at 2.6 GHz, the other at 3. S GH«.   T.vo streams of pseudo random digital 

data, at 500 Mbit/sec per stream, are modulated on to eacl^ subcarrier.   Thus a 

total data at a 2-Gbit/ sec rate will be modulated onto the microwave subcarriers. 

The complex miepmave signals will then occupy the entire bandwidth of 2 to 4 GHz. 

Such choice of subcaniers and modulation rates are   purely for convenience so that 

laboratory demonstration of feasibility can be made as soon as possible. 

2   2 OUADFUI'lIASi; -SHIKT-KEY1NG DIGITAL MODULATION 

Detailed block diagrams of this laboratory laser-communication system using QPSK 

modulation format to transmit a 2 Obit, sec data stream   s shown in Figs.   2-1 and 

2-2.   The optical subsystem, the digital modulation subsystems, and the modulator 

driver are shown in Tig.  2-1.      The microwave receiver, which amplifies 'he output 

of the photodeteclor, and the subsequent digital demodulation subsystems are shown 

in Fig.  2-2.   The optical    iibsystem is self-explanatory; the laser and the modulator 

2-1 

LOCKHEEO PALO ALTO RESEARCH LABORATORY 
lOC.HIfO MISS!!!^ , VP.CI COMr.NI INt 

A        t U > S I D I  • • I        Of        lOCHMIIO        AllCltfl        COI.O..TION 

\ 

 - - ' ■     ■ - "■■"--     --  -   ' . 



i i   i^pnif MIVMW "•^    '     ■    '   ' ■ 

.1.     I 

1 
ill 

<z> 

1 1 
1 

6  |   ; ' 
—                       -  !       1 

*    M   / 
1    11 /     ' 
H              1   •      1           ! 1    \i ; 

LHJ I 

~ ■ W* r 
_. , _^_  _   i, . 

a   i 

r n 

:■( 

.A\. 

L- 

1 

L J 

1 

i 
i 

ß V 

r 

": 

% 

.! 

\ 

L .. 

. - 

- 
■ ; t o 

-      •     •- 

L I .. 

li 
I  I 

I 

Z ri 

 - ■     ■ ' -■ i       ■      - i ■■■ i ■          twmM 



m^>^*^mi^fg^*m^*mm*™i^mmmm*m**^m^m*^^^mmmmm*r^-**mmmmr**:i*'^**^^^^'*^'^**i** 

J 
t- - 

|l 
i 

I i 

-J   ' 

i 

r" 

L 

s 

i 
i 

"I 

► i 

 I 

J 
1 

11 ' i 

:■? 

■       7 
U      u. c 

■M 

I k If II 

it   H ..   '- 
.   3 n * 
M 1. 



r 
u               ^ -               S - /.                v y- CQ                                s 

i 

=         e g <     E g < 
■               H ^ e        h u, t: 

• 
9 

■i               UJ "-. <        p; • i 
^                          C c Q              0 © O a 

.. ^—                               i                         i L4 
.; ^_ on                                     i                            1 ^ 
  

- - — —» CX3 I 1 o 

M 
g     — rv- 

CO 

eg il 1 

1 ■ 
r^F" T ^^ i. V. !*■ 

ZZi 

LAJ 

i 

c-j 

EC < BQ (fl < ^ 

f * 

*      1 

kJJ 
1 t 
M 

BC 
►-   •<   ^• 

1     -   '' 
^ j 

CJ 

.- !    •   ■    f s J s | 
1 V.                     1 ■ l 

E ^ 
»-- »M MM ^^, 
DQ O Q B w.,   Nj 

U-   TI  "*■* 
p      K j , . i <        UJ 

■^   "^ M SeeP ^— ■ '. ~ u: r- 

3   J  ^ 

^ u; r- 

BE 
^—    i 

r? ■'' ^s- 

w 
»ft   Sfl V. B — y. 

11 « £5 <* 
( 

"  
*■ cay —». •s ? '< ^ 

sg 
-, ^ k. C U 

C C «r* 

* 
u 
UK 

~^ C 
t— u P 

s w < 
C r-1 ■ 
K U 
u. a 

Bi« • 

u. y ?■ 
UJ  r  aJ s *■ s 

» i<i ^ x. A' 

c vi. 

  -—^^,____ 



immm    muwwm^t^m >M ■   »■■«ppaimHHiM> IJ        LUI mr^^mm^m^m^mmfmrm ^f^m^mm^m 

X 

h 

P  ft. 

^. 
< 
-" 

u ■* 
sj     - P4 

55 X 
Ui   r-. 

r; ^, /. 
U-   a£ »• 
uj r" u 

1-, 

^ z'. 

/. 

Sa p 

e-si 

ao 

to 

H 

'l- 

^ fc-< 
- « M 

h h >'. 
.-• »— 

■M a u« 

U u 
.  w u 
o^ -^^ 

IT1 » s S < 
y*    \* H*I H 

o a 

J 

CQ G n 

c c a a 

_ a 

4 

ra Q •^ 

4 
^ C ;■• w 

n u: ■/; p 

ö w ? a 7) c: ß. En 

J 

■ WQ 

« d . 
W .-'• --> 

w S " 
w L w BS * P 

«Is 
a. ,ry) 55 

a 
? 
M 

N 
I 

N 

7 
CM 

L_ -■■■■- - - - -    __». 



^IL "W^PHI ■'    ' ■ mm^pn^iJii». i. I,I,.|.M npaaiin  IIU i ■MTP«^n«^i^wmM|imffp«IHPV^> 

were both develope(i undei this contract In an earlier phase.   The photodeteetor, 

however, is a commercial one and will be procured under this contract. 

In such a digital (^1'SK modulation subsystem, a cw microwave signal is used as a 

subcarrier.     Modulation of the subcarrier by the digital data results in a change of 

the rf phase of the subcarrier.   These are shown in detail in the phasor diagram presented 

in Fig. 2-1.   Two subcarriers are chosen: one at 2.5 GHz, and the other at 3.5 GHz. 

Each subcarrier is split into two channels:   one "in-phase" channel and one "in- 

quadrature'1 channel.    Each of the channel! is then biphased shifted at a biphase 

modulator by an independent BOO-Mbit/aec simulated data stream from a pseudo-random 

(PN) signa) generator as shown in the associated phasor diagram in Fig. 2-i.   That is, 

the phase of the microwave subcarrier of that channel is reversed at each change of 

state of the signal at the binary input terminal of the biphase modulator.   Thus, if 

the modulating signal is a binary "l", the phase of that channel is undisturbed.    If, 

on the other hand, the modulator signal is a binary "0", the phase of that channel is 

reversed (switched by 180 electrical deg. as shown dotted in the phasor diagram). 

Since the iwo channels are already in quadrature, the two biphase modulators will give 

four possible quadrature phase relationships.   Therefore, the combination of the 

two channels results in the final phasor relationship shown in Fig. 2-1 and gives a total 

data rate of 1 Gbits/sec for that subband. 

At an input data rate of 1-Gbits/sec, the sideband power oi QPSK modulation has first 

nulls at 500 Mil/, above and below the subcarrier frequency.   Outside the first nulls,  the 

power content is negligible.   Therefore, for each subband, the center frequency of the 

subband is chosen as the subcarrier frequency (2.r> and 3.5 GHz as mentioned earlier), 

and a 1-GHz bandpass filter (2 to 3 GHz and 3 to 1 GHz) is used to reject the sideband 

power outside the first nulls.   Combination of these two subbands gives a total data rate 

of 2 Gbits/sec.   This is amplified by a 10-\V traveling-wave tube (TWT) to drive the optical 

modulator. 

In the photodeteetor, the optical carrier is detected to recover the microwave subcarriers 

and their sidebands which are then sent to the first amplifier in the receiver subsystem. 

After amplification, the microwave signal is divided into iwo halves as shown in Figure 
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2-2.    Kach half in l'illered lu ^ive one of the aubbands which is Ihen further divided into 

two channels.    The signal in each channel together with a strong "in-phase" or "in- 

quadrature,  reference are directed to a biphase demodulator.   In a communication 

system, the reference signals required are normally derived from the incoming 

signals.    For the case of this demonstration, however, the reference signals are taken 

from the transmitter directly by separate cables (hardwire references) to demonstrate 

the capacity of the laser communication system, without having to deal with the 

added complications of phased-locked loops, etc. for the derivation of the reference 

signals.   These hardwire references are clearly indicated in Figs. 2-1 and 2.2   The 

outputs of the biphase modulator, after proper low-pass filtering, gives the recovered 

digital data streams. 

It should be emphasized here that although the 500~Mbits/sec PB signals for both 

channels in the subband are synchronous as used here in the Jemonstration, this 

system will accept synchronous data with only minor degradation.    This has been 

demonstrated in an earlier experiment conducted at LMSC (Kef. 3). 
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Section li 

CRITICAL COMPONENTS AND SYSTEM IMPLEMENTATION 

S. 1  THE OPTICAL MODULATOR 

During the first quarter, additional effort were spent in improving the 2- to 4-GHz 

eiectrooptic modulator, since this modulator is the heart of this demonstration.   Much 

improvement has been obtained, as reported in the following paragraphs. 

After the approaches were initiated last year, the "reverse-flow" mode of operation 

was investigated further.   This is the mode in which the rf drive power for the optical 

modulator flows through the circuit in such a way that the eiectrooptic modulating crystal 

is at the input digit.   Previous work had rendered rather unsatisfactory results (Ref. 2) 

in terms of frequency response and modulation efficiency (modulation index/unit drive 

power   unit modulation bandwidth).   During the past few months, through painstaking 

tuning and .Hatching procedures, improved performance over the "forward-flow" mode 

was obtained, as shown in Fig. 3-1.   At the 6-W input drive level, an average of 60 

percent modulation index across a 3-dB bandwidth of 2.07 to 4.(»0 GHz is obtained.   This 

is a definite improvement over the "forward-flow" mode obtained last year, shown in 

Fig. 3-2 as a comparison, for which approximately 62 percent average modulation 

index was obtained at about a l^-W drive level. 

It appears from Fig. 3-1 that tiie modulator was tuned to a higher passband than the 

desired 2 to 4 (ill/., because the low-frequency end showed a sharp drop while the 

high-frequency end showed uniform response to the band-edge.   Therefore, additional 

tuning efforts will be made during the next quarter to center the frequency band. 

3.2   PN SIGNAL GENERATORS 

In the digital modulation subsystem, the simulated data streams are provided by two 

500-Mbit/sec pseudorandom (PR) signal generators.   A convenient way of producing 
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Fig.  .'5-1   Modulation Index Versus Frequency lor 7. 5-mm-Length LiNbO 
Crystal With rf Power in Reverse Direction 
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.'1-2   Modulation Index Versus Frequency for 7. 3-mm-Length LiNbO„ Crystal 
With rl Power in Forward Direction.    (Results were obtained last year 
and are included here for purpose of comparison) 
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a 500-Mbit/sec PB signal slream is to combine the output of a 250-Mbit/sec maximal 

length PR signal generator.     Such a generator produces a 211 - 1 ( = 2047) bit binary 

word.   Since maximal length signals separated by more than 1 bit are uncorrelated, 

two remote taps from this PR generator can be used to produce a 212-2 ( ■ 4094) bit 

word at 500 Mbit/sec by interleaving the signals at the taps. 

The 500-Mbit/sec PR generators of this kind have been fabricated at LMSC through our 

Independent Research efforts.   The 2047-bit-length PR signals were produced by using 

an 11-stage feedback shift register.   Good response time was obtained by using a hybrid 

integrated circuit M()D-2 adder and buffert, as shown in Fig. 3-3.   The rise times of 

the signals from the 250-Mbit/sec PR generator were improved by the dual hybrid 

buffer.   The hybrid MOD-2 adder constructed the 50ü-Mbit/sec word, and the final 

hybrid buffer squared up the rise and fall-times.    Laboratory measurement shows that 

the rise and fall-times are all subnanosecond and there is no incomplete bit.    In the 

laboratory demonstration, the output from such ■ 500-Mbil/sec generator is used to 

modulate either a 2. 5-GH/. or a 3. 5-GHz subcarrier by means of a biphase modulator. 

SYNC. OUTPUT 

200 MHz 
CLOCK 

10 ZEROS GATE 
MECLDI 

O0O0OOÜ00O 

2047 bit 
PN GEN. 

MECL m FLIP- 
FLOPS AN'D IIVBRli) 
Mod-2 ADDER 

7. 5 bit 
DELAY 

DUAL 
HYDHID 
BUFFER 

HYDRID 
Mod-2 
ADDER 

HYBRID 
BUFFER 

Fig. 3-3  Block Diagram of a 500-Mbits/Sec Word Generator 
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. 
3.4   SYSTEM IMPLEMENTATION 

The system implementation will be essentially a hardware copy of the block diagrams 

shown in Figs.  2-1 and 2-2,   Judicious choice of amplifiers and attenuators will have 

to be determined to ensure proper signal levels so that signal-to-noise ratios are 

maximized and cross-talks are minimized.   Initial work has already been started on 

system implementation. 

( 
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Section 4 

FUTURE PLANS 

For the next quarter, additional effort will be spent to improve the performance of 

the optical modulator still further.   The main effort, however, will be to complete 

the implementation of the 2-Gbit/sec digital system so that an interim laboratory 

demonstration can be made by the end of the second quarter.   After this interim 

laboratory demonstration, efforts will be concentrated in implementing a 1-GHz analog 

and a I-Gbit/ sec digital data transmission system. 
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